Abstract Pregnane X receptor (PXR, NR112) is a xenobiotic receptor whose primary function is to regulate the expression of drug-metabolizing enzymes (DMEs) and drug transporters. Drug-induced PXR activation and subsequent enzyme and transporter induction has been proposed to be an important mechanism for the drug-drug interactions. In addition to activating PXR, many pharmaceutical chemicals can also function as reversible or irreversible inhibitors of DMEs, which may also impact the pharmacokinetics and pharmacodynamics (PK/PD) of drugs. Therefore, we cannot simply conclude that the PXR-induced alteration in enzyme expression always reflects functional changes. We should consider both PXR activation and DMEs inhibition to improve drug safety in the clinic.
(EST) Database [4] , whereas the Evans lab cloned the human PXR, also termed SXR or steroid and xenobiotic receptor, as a homolog of the Xenopus benzoate X receptors (BXR) [6] . The discovery of PXR benefited from earlier work published by Phil Guzelian's laboratory at the University of Colorado, who suggested that there are cellular factor and a defined DNA element responsible for drug responsive regulation of the human and rodent CYP3A genes in hepatocytes [7] . The cellular factor turned out to be PXR and the DNA element turned out to be the PXR response element in the CYP3A gene promoter. CYP3A is a prototypical target gene of PXR. PXR was named based on its activation by the pregnanes 21-carbon steroids [8] . Since the initial cloning of the mouse and human PXR, the cloning of PXR in different species including mammals, birds, and fish have been reported by various groups [9] . Similar to many other typical nuclear receptors, PXR contains a double zinc-finger DNA-binding domain (DBD) and a carboxyterminal ligand-binding domain (LBD). It has a relatively short hinge region (amino acids 107-141) that separates the DBD and LBD [10] . The PXR structure also contains some major differences compared with other nuclear receptors. The spherical ligand-binding pocket of PXR is at least twice as large as other steroid hormone-or retinoid receptor ligandbinding pockets and also because of its extremely hydrophobic and flexible properties, PXR allows the recognition of a wide range of xenobiotics [11, 12] .
Early functional characterization revealed that one of the primary PXR functions is the transcriptional regulation of DMEs. Binding of PXR to the PXR-responsive elements (PXREs) in the target gene promoters usually leads to the induction of DMEs, notably the CYP3A and CYP2B subfamilies. In addition, UGTs, SULTs, and drug transporters such as the organic-anion transporter 2 (OATP2), multidrug resistance 1 (MDR1), and multidrug resistance-associated protein 2 (MRP2) were also shown to be transcriptionally regulated by PXR [8, 13] . Examples of the PXREs include DR-3, DR-4, and IR-6 identified in the promoter regions of CYP3A, CYP2B, and CYP2C genes [1] . Among the PXR target genes, CYP3A and CYP2B subfamilies are the most functionally relevant in drug/xenobiotic metabolism, because they are involved in the elimination of xenobiotics and endogenous compounds and, they are often involved in the clinically significant drug-drug interactions [14] . The expression of CYP enzymes and transporters can be induced by xenobiotic drugs, such as rifampicin, phenobarbital, dexamethasone, and the herbal medicine St John's wort. PXR is also involved in and has a complex effect on cholesterol hemostasis and bile acid metabolism [15] . Besides its expression in normal tissues, PXR also has a role in cancer tissues, such as breast cancer, ovarian cancer, and prostate cancer [16] . Studies over the past 17 years have clearly established PXR as a xenosensor and master regulator of xenobiotic responses [2] . More recently, it has become clear that the nuclear receptor-mediated regulation of enzymes and transporters can not only impact drug metabolism, but also influence many physiological and disease pathways by affecting the homeostasis of endogenous chemicals, such as the bile acids, bilirubin, steroid hormones, glucose, and lipids.
Inhibition of DME
Hepatic cytochrome P450 enzymes are major drugmetabolizing enzymes and represent a major pathway of drug metabolism. The superfamily of CYP450 isoforms has a broad spectrum of substrates. CYP inhibitions are clinically relevant to drug metabolism and drug-drug interactions, because they can potentially alter the PK/PD of drugs, especially in the practice of polypharmacy where patients take multiple medications. Among examples, the calcium-channel blocker Mibefradil was withdrawn from the market in 1998 due to mechanism-based inhibition of CYP3A4 through the destruction of heme moiety, which causes a significant increase in the plasma concentration of co-administered drugs [18, 19] .
The CYP inhibition can be generally divided into three categories: reversible inhibition, irreversible inhibition, and quasi-irreversible inhibition [17, 20] . The two types of irreversible inhibitions are sometimes also referred to as mechanism-based inhibition [21] [22] [23] [24] . The reversible inhibition is the most common reason for documented drug-drug interactions [20, 25] . Reversible inhibition occurs between the competition for CYP binding site between substrate drugs and inhibitors. Reversible inhibition can be further divided into competitive, non-competitive, uncompetitive, and mixed-type inhibition [21, 23, 25] . Competitive inhibition happens between mutually exclusive substrates and inhibitors. A non-competitive inhibitor often binds to another enzyme active site or enzyme-substrate complex [23] . Mixed inhibition is a combination of competitive inhibition and non-competitive inhibition [20, 23] . In contrast to the non-competitive inhibitors, uncompetitive inhibitors only bind to an enzyme-substrate complex but not another enzyme active site. The four types of enzyme inhibitions can be differentiated by monitoring the K m and V max values of the substrates, as summarized in Table 1 . Many reversible inhibitors contain nitrogen, including imidazoles, pyridines, quinolines, and triazoles [20, 26] . Examples of the reversible inhibitor drugs include azole antifungals, cimetidine, metyrapone, HIV protease inhibitor, ellipticine, quinidine, and antimalarial agents [24] . In some cases, an inhibitor can exhibit multiple modes of inhibition toward different CYP isoforms. Dihydrotanshinone, found in the Chinese herb Danshen, is a competitive inhibitor of human CYP1A2, CYP2C9, a non-competitive inhibitor of CYP3A4, and an uncompetitive inhibitor of CYP2E1 [27] .
Compared with the reversible inhibition, irreversible inhibitions are more likely to result in unfavorable inhibition [28] .
For irreversible inhibition, compounds are metabolized by P450s to their intermediates, which cause the irreversibility of CYP inhibition until the new CYP enzymes are synthesized. Drugs that can cause the irreversibility of CYP enzymes are called mechanism-based drug inactivators (MBI) [17] . Inhibitors that covalently bind with amino acid at active site or heme nitrogen of CYP enzyme are considered true irreversible inhibitors. Quasi-irreversible inhibitors can coordinate with heme iron to form metabolic intermediates, which occupy the active site of CYP enzyme, leading to the inhibitory effect. Quasi-irreversible inhibition could be reversed by three methods in vitro: incubation with highly lipophilic compounds; irradiation at 400-500 nm; or addition of potassium ferricyanide [20, 29, 30] . In vivo, the binding of metabolite intermediates with CYP enzyme is very stable, which cannot be reversed [20] . In order to regain the capability of CYP enzymes, new enzymes need to be synthesized.
There are several mechanisms for the irreversible inhibition. The first mechanism is that the reactive intermediates alkylate heme, resulting in the heme destruction [20, 29, 31, 32] . For example, secobarbital, gestodene, spiro-and dispiro-1,2,4-trioxolane, and Gemfibrozil all can cause mechanismbased inhibition through heme alkylation [33] [34] [35] [36] . In the second mechanism, the reactive intermediates covalently bind to amino acid residues within the apoprotein [29] , in which drugs containing sulfur groups or nitrogen groups can be oxidized by CYP enzyme and subsequently modify the CYP proteins [20, 29, 30] . Among examples, diethyldithocarbamate, a metabolite of disulfiram, exhibits MBI through covalent binding to the CYP2E1 apoprotein [37] . Also, the anti-progestin Mifepristone inactivates CYP3A4 by irreversible modification of apoprotein at the enzyme active site [38] . In addition, some compounds are capable of changing heme and apoprotein simultaneously. The covalent binding of the modified heme to the apoprotein can cause MBI [39] . For example, 17α-ethynylestradiol, a common constituent of oral contraceptives, can inactivate CYP3A4 through covalent attachment of the modified heme to the apoprotein [39] .
Mechanism-based inhibitions have received increasing attention in the clinic, because they might cause prolonged clearance of the inactivator drugs and other drugs that are metabolized by the same CYP enzymes, which cause drugdrug interactions, and this effect is long lasting compared with the reversible inhibition. There are several therapeutic drugs that are known as mechanism-based inhibitors. Among examples, Yamaori and colleagues found that cannabinoid (CBD) is the mechanism-based inactivator of CYP1A1. The inactivation might be the result of the formation of an electrophilic quinone from the methylresorcinol moiety of CBD by the human CYP1A1 [40] . Lu and colleagues reported that zileuton is a mechanism-based inhibitor of CYP1A2 [41] . Imperatorin and isoimperatorin showed irreversible inhibition of CYP2B6 by forming the γ-ketoenal intermediate [42, 43] . It has also been reported that the antibacterials isoniazid and clarithromycin, anticancer agents lapatinib and tamoxifen, antihypertensives diltiazem, nicardipine and verapamil, anti-HIV agents ritonavir and delavirdine, and carbamazepine can act as inactivators for CYP3A4 [44, 45] . In addition to drugs, some food or food components can also act as the mechanismbased inactivators. Sunaga and colleagues reported that tomato juice extract can cause mechanism-based inhibition of the hepatic and intestinal CYP3A4 [46] . Greenblatt and colleagues reported that grapefruit juice exhibited mechanismbased inhibition of CYP3A4 [47] .
Does PXR Activation Always Cause Increased Drug Metabolism?
PXR is widely accepted as the principal transcriptional regulator of CYP3A induction by xenobiotics [48, 49] . PXR can be activated by a variety of natural and synthetic compounds. PXR induces CYP gene expression by binding as heterodimers with the 9-cis retinoic acid receptor α (RXRα) to DR3, DR4, and ER6 motif in the proximal promoter region of CYP3A4 gene [9] . Due to its abundance in the liver and small intestine, CYP3A4 is responsible for metabolizing more than 50 % of the clinical drugs. CYP3A4 is highly inducible, so its activation usually accelerates the metabolism of other drugs and thus causes drug-drug interactions [50] . Sinz and colleagues investigated 170 xenobiotics to study the relationship between human PXR and CYP3A4. They compared the compounds with Rifampicin (RIF), an effective inducer of human CYP3A4 and a typical PXR activator [9] and concluded that a compound, which transactivates human PXR more than 40 % of the RIF response, has a high potential for inducing CYP3A4. Studies about RIF and its activation of PXR continued to grow in recent years. RIF and isoniazid (INH) are the major drugs used to treat tuberculosis. However, a combination of these two drugs frequently causes liver injury [51] . It has been reported that the PXR-humanized mice showed higher amounts of serum alanine aminotransferase and alkaline phosphatase activity after co-treatment with RIF and INH. Although it is generally believed that activation of PXR will increase drug metabolism, this is not always the case. Wu Wei Zi (WWZ, or Schisandra sphenanthera), a traditional Chinese herbal medicine, can also activate PXR and induce CYP enzymes. Schisandrol B, Schisandrins A, and Schisandrins B were identified as the PXR-activating constituents isolated from WWZ [52] . All of these constituents showed similar potency and efficacy as RIF and Northern bolt analysis demonstrated that these constituents could induce both CYP3A and CYP2C9 mRNA expression. However, WWZ extracts have been used as a drug-sparing agent to decrease drug metabolism in the clinic. In one such example, co-administration of WWZ has been shown to increase the oral bioavailability of FK506 (Tacrolimus) [53] . WWZ or its constituent compounds have also been shown to increase the bioavailability of cyclosporine A and paclitaxel in animal models [54] [55] [56] . The metabolism of FK506 mainly occurred in the liver and small intestine via CYP3A [53] . FK506 is also a good substrate of the transporter p-gp [53] . It has been reported that WWZ extracts had an inhibitory effect on both CYP3A enzyme and p-gp. FK506 also undergoes a significantly first-pass effect and its gut availability is lower than the liver availability. WWZ can increase the gut availability of FK506 by about 111.4 % and decrease the hepatic first-pass metabolism of FK506 [53] . The overall drug-sparing effect of WWZ suggests that the enzyme and transporter inhibitory effect of WWZ dominates the PXR-activating and enzymeinducing activity of the same herbal medicine.
Flavonoids represent another example of chemicals that have a dual effect in inhibiting DMEs and activating PXR. Flavonoids are commonly presented in plants, herbs and daily diets like blueberries, red wine, and grapefruit juice. All flavonoids except flavone inhibit CYP2C9 activity with the Ki value of less than 2.2 μM [57] . Meanwhile, it has been reported that flavonoids, such as luteolin and apigenin, can activate PXR-mediated CYP3A4 expression likely through the inactivation of several Cdk pathways [58] . In this case, the enzyme inhibitory effect is also dominating and, as a result, many drug labels warn patients to avoid drinking grapefruit juice when taking certain drugs. In the third example, the HIV protease inhibitor Ritonavir has been reported as both an inducer and inhibitor of CYP3A enzymes. In the clinic, Ritonavir has been widely used as a pharmacokinetic enhancer or boosting agent in HIV therapeutics [43] . Meclizine, an antihistamine to treat nausea, vomiting, and dizziness caused by motion sickness, is a human PXR agonist, but also an inhibitor of CYP3A4 [59] .
Summary
The inhibition and induction of DMEs are issues of clinical importance, because they may cause drug-drug interactions or even undesirable drug toxicity. There are many clinical drugs that can function as DME inducers or inhibitors. Among the examples, diltiazem, a calcium-channel blocker, is a mechanism-based inactivator that forms metabolite intermediates and inhibits CYP enzyme. Rifampin, on the other hand, acts as a potent CYP inducer by activating PXR. When investigating drug-drug interactions, we should take both PXRmediated transcriptional induction and enzyme inhibition into account to prevent drug-drug interactions and side effects. Special caution should be given to drugs that have a narrow therapeutic index, such as the immunosuppressant Tacrolimus.
In vivo drug concentration is another important factor that determines whether PXR activation leads to increased drug metabolism. For example, simvastatin was ranked as having a high induction propensity based on the maximum induction and efficacy in vitro, and the mechanism of DME induction involves both CAR and PXR. However, simvastatin does not induce CYP3A4 at the maximum clinical dosage in vivo [44] . In another example of inconsistency between the in vitro and in vivo result, sulforaphane (SFN) is an isothiocyanate found in broccoli that possesses an anticarcinogenic effect [60] . SFN was shown to be a PXR antagonist in human hepatocytes [61] . However, SFN did not exhibit a PXR antagonist effect in vivo, likely because the SFN-GSH conjugate is actively transported out of the liver, preventing the intracellular accumulation of SFN-GSH, or the SFN-GSH is unstable with a short half-life that cannot produce a persistent effect [60] . Therefore, we should consider whether in vitro data can be extrapolated to in vivo pharmacological effects. Even in vivo drug concentration may not precisely predict the intracellular concentration that the nuclear receptors are exposed to [45] . Last but not least, the PXR activation in rodent systems cannot be simply extrapolated to humans due to the species specificity of the PXR activation [14] .
As summarized in Fig. 1 , the net outcome depends on the balance between PXR induction and CYP inhibition, the pharmacokinetics of drugs and the in vivo drug concentrations, and whether the in vivo drug concentrations are high enough to produce an agonistic or antagonistic effect on PXR and thereby induce or inhibit DMEs.
Compliance with Ethical Standards
Conflict of Interest The authors declare no conflict of interest.
Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
